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FOREWORDMa 

and his environment must be protected from the adverse effectsof 
pesticides, radiation, nose, and other forms of pollution, andthe 

unwise anagement of sold waste. Efforts to protect 
theenvironment 

require a fous that recognzes the interplay betweenthe 
components of our physical environment—air, water, and land.The 
Municipal Environmental Research Laboratory contributes to this focus 

through programs engaged in• studies on the effects 

of environmental contamnantson the biosphere, and• a 
search for way to 

prevent 
contamnaton and torecycle valuable resources.The 
deleterious effects of 

storm and combned sewer overflows uponthe nations waterways have 
become of Increasng concern recenttmes. Efforts to alleviate the 

problem depend upon accuratecharacterization of these flows 
In both a quantty and qualy sense.This report presents a state-of-the-art 

survey of flow measuringdevices and technques that ether 
are, 

or might be, appropriate forthe quantitative measurement of and 
combined sewer flowsas well as other discharges, and wil be of 

Interest tothose who have a requrement for the measurement of such 
flows.i 



ABSTRACTA 

bref review of the characteristics of storm and combined 
sewerflows 

is given, followed by general discussion of the need 
forsuch 

flow measurement, the types of flow data required, and 
thetime 

element in flow data. discussion of desirable flow meas¬urig 
equipment characteristics presents both equipment requirementsas 

well as desirable features and includes an equipment evaluationsheet 
that can be used for a particular application.A 

compendium of over 70 different generic types of primary 
flowmeasureent devices, arranged accordng to the fundamental physicalprinciples 

involved, is presented along with evaluations as to 
theirsuitability 

for measurement of storm or combined sewer flows. 
Toillustrate 

the implementation of the physical principles, a numberof 
commercally-available devices for flow measurement are brieflydesribed.A 

review 

of selected U.S. Environmental Protection Agency projectexperience 
in flow measurement is presented along with summary ofcurrent 

and on-gong research efforts. Some thoughts on future areasof research 
and development are also given. This report was subittedin 

fulfillment 
of Contract Number 6803-0426 under the sponsorship ofthe Office 

of Research and Development, U.S. Environmental ProtectionAgency. 
Work was completed in December 1974. 
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SECTION 

ICONCLUSIONS1. 

A is one tool of several that must be employed for thecharacterization 
of a Wastewater stream. Its selection must bebased upon 

consideration of the overall flowmeasurement-programto be 
undertaken, 

the nature of the flows to be measured thephysical 
characteristics of the flow measurement sites, and thedegree of 

acuracy required among other factors.2 In view of 

the large number of highly variable parameters asso¬ciated with the 
storm and combined sewer application, no single an exist that 

is unversally applicable with equaleffiacy. Some requirements 
are conflicting e.g. an open drain¬age ditch versus a closed 

conduit deep underground, and a carefulseries of trade-off studies 

is required in order to arrive at a"best" selection for a 
particular 

program and site.3. There are over 70 generic 

devices and methods that can be used fordetermining flows, and they 

were reviewed and dsussed.4. The proper selection of flow 
measurement 

sites can be as importantas the selection of methods and equipment. 
A clear understandingof the data requirements and ultimate use 

is neessary, as is afamiliaritywith the sewer system to be 
examined.5. Of the over 120 prospective manufacturers 

of liquid flow measuringequipment which were contated, none has a 
flow measurement productline that is specifically designed for the 

storm and combined sewerapplication.6. Where large flows are to be 
measured with 

fairly high accuracy,onsiderable expense in terms of initial 
equipment 

ost sitepreparation and installation, and operator 
training 

and maintenanceis involved; fity to one hundred thousand dollars 
should not beconsdered aypcal.7. There are measurement sites 

where no presently 

available equipmentcan operate unattended for long at a high degree of 

accuracy(better than ±5 of full sale).8. The most consistently 
reliable flow measurement 

data 
have beentaken at sites where the equipment has been calbrated 

in placeover the entire range of flows anticpated. 



9. Field experience in flow measurement was reviewed, andin most 
intances errors of greater than 10 seem to be the rule.It is not at 

all uncommon to fnd readings that dffer from spotfield checks 
by 

from 50 to 200 percent. Some wastewater dis¬charge data are 
of such poor qualty as o be vrtually useless.10 Flow measurement 

reearch efforts within the United States werereviewed Very few 
of 

those outside the are addressed tothe storm and combined 
sewer 

problem as presented here, and itwould appear that few, if 
any, that are not so oriented will pro¬duce technology fall-outs 
that will benefit the solution of theproblem at hand.11. The 

technological 

state-of-the-art, especially n electronicsis advancing very rapidly 
at 

the present tie, and apabilitiesare emergng that until now 
were 

either Impossble or prohibi¬tively expensve. Examples inlude 
improved pressure sensors,solid state and Integrated circuitry 

advances (and price reduc¬tions) that facilitate control and 
computational funtions,quartz crystal timers that offer 

acuracy improvements measuredin orders of magnitude, improvements 
in electroni recorders,etc. As a result, both new products 

and improvements to oldones are continually appearing. 



SECTION 

IIRECOMMENDATIONS1. 

It is recommended that flow measurement acuracy requirements 
bevery carefully consdered wth an eye to optimizing the accuracyof 

determination of total pollutant discharge. Very high accura¬cies 
over very wde ranges ay not be necessary for all purposesand 

wll certainly be epensive to achieve.2. Where 

possble, it is reommended that flow measurement equipmentbe calibrated 
In place at the site where the data are to be col¬lected. 

Maintenance should be performed such that conditions donot devate 
greatly from those at the time of calibration.3. Use and 

maintenance o complex, sophisticated flow measurementequipment 
should not be entrusted to well-meaning but untranedpersonnel. 

Proper training of operator personnel Is recommendedas it will 
produce long-term benefits.4. It is 

reommended 
that the flow measurement site be chosen withgreat care. 

It 
can be as poor an error n judgement to choose asite that wll 

not yield the desired data simply because of equip¬ment avalability 
as it is to attempt to apply the wrong equipmentat a site that s 

truly important.5. In view of the 

immediate requirements for storm and combined sewerdischarge data for 
surveys, computer model calbration and veri¬fication, 

infiltration/inflow studies, and the like, the mosturgent need is for 
suitable portable deves that are capable ofunattended operaton. 

It Is strongly recommended that a programto develop such devces 
be initated with special emphasis on:• Automated Chemical 

Dilution 
Devices• Ultrasonic Devces• 

Hybrid 
Flumes6. There 

has been very 

lttle 
opportunty to evaluate flow measure¬ment equipment suitable for 
storm and combned sewer applcationsin a sideby-side fashion under 

somewhat controlled conditions.It is strongly recommended 
that 

a suitable facility be Identifiedand used to gather comparative 
data with emphasis on the morepromsing portable devices. 



7. There are a number of flow measurement devices that have 
eitherrecently become available or are about to be introduced and 

thatoffer 
considerable promise in a storm and combned sewer applica¬ton. 

It is recommended that a program of demonstraton testngbe 
Initiated to include such devces as:• 

Ventur 

Meter/Flumes• 

Combination 
Thermal • High Range 

Open 

Flow Nozzles8. This study 
was 

essentially limted to developments and practiceswithn the Unted 
States. It is recommended that a survey offoreign researh and 

development actvties and storm and combnedsewer flow measurement 
practces be condcted.9. Because of the burgeoning 

nature of the preent state of the artand increasing concern over 
environmental contamnation caused bystorm and combined sewer 

discharges, this report should not beconsidered a fnal, enduring 
document. It is recommended that itbe expanded and updated within 

two years. 



SECTION 

IIIINTRODUCTIONSince 

almost the beginning of civilization, man has recognized th needto 
determine liquid flow rates, quantities, or stages, and his 

firstefforts 
were probably directed towards survval during floods and 

trans¬portation 
by water craft. Demands for water supply, irrgation, navi¬gaton, 

and all accentuated the need for flow measurement.It is known 
that 

the ancient and Egyptians used some eansof water accounting to 
indvidual land holders from their extensiveirrigation systems The 

procedures used were possibly taken frommethods used earlier in eastern 
Asia.The River Nile of Egypt has 

probably been studed for a longer periodof time than any other rver 
in 

the world. The crops of the Nile Valleyare dependent upon annual 
flooding 

by the river, and thus, annual yieldsare proportional to fluctuation 
in stage In view of this, taxes werelevied based upon maximum flood 

height. An interesting compilation ofdata concerning flood records of 
the Nile has been prepared by (1)Mention of the annual rises of the Nile 

date back to between 3000 and3500 B.C., and known flood marks extend 
as far back as approximately1800 B.C.One of the most complete record 

of 
early 

flow measurement systems isthat by Julius (2), who was the Water 
Commissioner ofRome the latter part of the first entury. The quantity 

of waterdelivered to each user in the Roman system was determined 
entirely onthe area of spouts through which the flow was discharged; 
thus, thesecould be considered as early forms of flow nozzles.The 

earliest attempts at flow velocity measurement were 

undoubtedlymade by timng the travel of floatig debrs over some 
measured 

dis¬tance. Hero of Alexandrias proposal, which was written about 
62 called for using a sun dial for timing hs operation. In the 15th 

Cen¬tury, Leonardo da Vinc offered an improvement by attaching an 
inflatedpigs bladder to one end of pole and a stone to the other thusachieving 

an integrating float of sorts. (3) provides an in¬teresting 
account of a physiian plan for deflection water currentmeter, 

circa 1610. In the middle of the 17th Century, developed the relation 
that the rate at which water was ds¬charged from an orifie varied 

with the square root of the height ofthe water surface in the supply 
tank. Subsequent improvements in thestate of the art included Impact 

tube developed in 1732, propeller-type current eter invented around 
1790, 



and the work of Venturi on the relations between the velocitiesand 
pressures 

of fluids flowing through converging and diverging tubesreported 
in 1797.The 

history 

of improvements in flow measurement devices/tehniques isfar too 
extensive to be reported here The reader interested in thesubject is 

referred to some of the selected additional referenceslisted in 
Setion XI. It suffices to say that today we have a pletoraof liquid 

flow 
measurement devices and techniques available, and it isto them that 

the remainder of this report will be directed.PRPOSE AND 

SCOPEAmong mans 

first 
waterworks projects were aqueducts to convey waterinto his cities 

for consumption and sewers to collect and dispose ofnuisane As 
early 

urbanization continued, these firststorm drains also became 
the transport media for domestic wastewaterand, in effet, the first 

combined sewers. For convenience and expedieny these sewers simply 
emptied into the nearest natural water¬course. As urbanization contued, 

the dryweather flow in thesesewers became a public nuisance, 

and wastewater treatment was born.Sanitary engneering practices and 
procedures were developed, allbased upon haracterizing and treating 

this dry-weather or sanitarysewage flow. The construction of 
separate storm and sanitary sewersystems in many cities was merely 

an 
extension of this trend. The characteristics of stormwater were 

unrecognized, and itcontinued to be simply discharged into the 
nearest natural stream.The phenomenal growth of urban areas in recent 

times and the rapid ex¬pansion of industrial operations to meet societys 
ever increasingdemands for more goods, energy, etc., have 

heightened the pollutionalpotential of mans existence and have contributed 
to his increasingawareness of and concern for his environment. One 
of the impats ofthe population explosion is that sanitary engineering 

practices thatappeared tolerable even as recently as a few decades 
ago are no longeracceptable today in many locales. The pollutional 

effects of stormwater and combined sewer overflows on receivng water 
quality are becoming less and less tolerable and a research program 

to mitigate orameliorate the situation has been underway at the 
(and itspredecessor agencies) for the last several years.In order 

to characterize these stormwater and combined 
sewer 

overflowsand to facilitate the development, demonstration, and 
evaluation oftreatment and control systems for combating the problem, 

it is neces¬ary to have available accurate and reliable mean of 
determining 

thequantity and quality of the flows in question. Both the 
quantity 

andquality of urban are highly variable and transient 



in nature, being dependent upon meteorological and fac¬tors, toporaphy, 
hydraulic characteristics of the surface and sub¬surface conduits 

the nature of the antecedent period, and the land useactivities and 
housekeeping practices employed. Conventional flow meas¬urement devices 

and techniques have been developed mainly for the rela¬tively steady-state 
flows as found in irrigation canals sanitary sewers,and large treams 

and not for the highly varying surges encountered instorm and ombined 
sewers.This report is 

preent 
current review of the state of theart ad assessment of flow 

measurement 
devices and techniques Theseare described and evaluated in 

terms of their suitability for use instorm and combined sewer 
applications. 

However, a device or tehniquewhich is uitable for such use will 
most likely suffice for any otherwastewater flow measurement applicaion 

as well. By collecting andpresenting suh a review, it is hoped 

that shortcomings and limitationsof some extant devices and techniques 

for storm and ombined sewer ap¬plications can be overcome and that 
this 

report can serve as a spring¬board for improvements.GENERAL NATURE 
O STORM AD COMBINED 

SEWER 

FLOWSStorm Sewer FlowsAlthough storm sewers 

are 
basically 

desgned 

to carry storm during periods of no rainfall they often carry a 
small but significantflow (dry weather flow). This nay be flow from 

ground water, or baseflow", which gains access to the sewer from stream 
courses.Such base flow may appear as runoff from parks or from 

suburban areaswhere there are open drains leading to the storm sewer. 
Unfortunately,much of the dry weather flow in storm sewers is composed 

of domestisewage or industrial wastes or both. Where municipal 
ordinances con¬cerning connections to sewers are lax or are not rigidly 

enforced, itappears reasonably ertain that unauthorized connections 
to 

storm sewers will appear. In some cases the runoff from septic tanks 

is carriedto them. Connections for the dscharge of swmmng pools, 
foundationdrains, sump pumps, cooling water, and indutral processwater 

to 
storm sewers are permitted in many municipalities and con¬tribute 

to flow during periods of no rainfall. In some areas, sewersclassed 

as storm sewers are, in fact, sanitary or industrial wastesewers due 
to the unauthorized or inappropriate connetions made tothem. This 
may become so aggravated that a continuous flow of sanitaryor 

industrial wastes, or both flows into the receiving stream.The "dryweather" 
portion of storm sewer flow may vary signifiantlywith time. 

Probably the most steady flow, and constant charater ofpollutants 
therein, occurs in storm sewers when all flow is base flow 



derived fro ground water. Because the slow movement of waterthrough 
the ground, changes in flow and concentration of pollutantsoccur 

only during relatively long time periods. Where unauthorizedconnections 
o domestic sewage and industrial waste lines to storm sew¬ers 

are found, rapid fluctuations with time may occur. The domesticsewage 
constituent varies with time of day, with season of year, andprobably 

over long-term periods. Industrial wastes vary with specificprocesses 
and industries. Very rapid changes may occur with plantshift 

changes and with process dynamics. Conditions on weekends andholdays 
may be very different from those on regular work days.Storm 

runoff is the excess ranfall which runs off the ground surfaceafter 
losses resulting from Infiltration to ground water evaporation,transpiration 

by vegetation, and ponding occur. A small portion ofthe 
rainfall is held in depression storage, resulting from small irregularities 

in the land surfae. The quantity or rate of flow, ofstorm runoff 
varies with intensity, duration, and distributionof rainfall; 

character of the soil and plant life; season of the year;size, shape and 
slope of the drainage basin; and other factors. Groundseepage loss 

varies during the storm, becoming less as the ground ab¬sorbs the water. 
The period of time since the previous, or antecedent,rainfall 

significantly 
affects the storm runoff.In general, 

torm 

runoff is intermittent in accordance with the rain¬fall pattern for 
the area. It i also highly variable from storm tostorm and during 

a particular storm. The time-discharge relatonship,or of a typical 
storm, with its synchronous timeprecipitation relatonship or 

is illustrated in Figure 1.The meanings of various parameters given in 
the figure are: - Rainfall retained on the permeable portion 

of thedrainage basin, and not available for runoff. 
Precipitation in excess of that infiltrated 

intothe ground, plus that retained on the surface.Equals 
the volume of flood runoff. - Average 

infiltration of the ground during 

thestorm. Infiltration capacity decreaes as thestorm 
progresses. - Period of rise from the 

beginning 
of storm 

runoffto 
peak of the hydrograph.T - Time from center of 

gravity of rainfall excess* 

to the hydrograph peak (lag time) 





b,b - Base line separating discharge fromsurface 
runoff.The 

total 
volume 

of runoff for a particular storm is represented by theareas between 
the base line and the hydrograph.To illustrate 

ome of the problems in measuring storm runoff in smallbasins, peak 
flows exceeding 85 cubi meters per second per 260 hectare(3,000 per square 

mile) have been observed. Lag times forexample, of 15 minutes 

to a hydrograph peak of about 28 cubic meters persecond (1000 from 
(2.3 mi) area are not uncommon.With rapid changes in the flow such as 

this, only those flow measure¬ment methods which are responsive to such 
changes an be used. Thehigh rates of flow, with accompanying high 
velocities, further limitthe usable flow measuring equipment 

methods.The 
maximum rate of flow in an underground 

storm sewer is governed byits design capacity. This capacity is 
based 

on the flow due to a stormocurring, n the average, once in selected 
number of years (recur¬rence interval). Usually, recurrence 

interval 
not greater than10 years is selected for the design of 

underground storm sewers. Asa result, the design apaity of the sewer is 

sometimes exceeded, re¬sulting in surcharging and flooding of the 
overlying surface. Underthese conditions, measurement of surface flow 

must be added to meas¬urement of surharged flow in the sewer to btain 
total flow.The poor quality of stormwater draining from 

the 

urban environment hasa significant effect on the choice of suitable 
flow measurement equip¬ent and methods. Washings from the sidewalks, 

streets, alleys, andcatch basins are a part of the runoff and include 
signfiant amountsof human and animal refuse. In industrial areas, 

chemicals, fertilizers,coal ores, and other products are stockpiled exposed 
to rainfall, sothat a significant quantity of these materials 

appears 
in the runoff.Extreme quantities of organic materials such as 

leaves 
and grass cut¬tings often appear in storm sewers. Often during 

storms large boards,limbs, rocks, and every imaginable kind of debris 
appear in he sewers,probably as a result of breaks in the sewers or 

acessory 
equipmentdesigned to screen out the larger items.Observation 

and experience have demonstrated that the 

heaviest con¬centration of suspended solids during periods of storm 
runoff usuallyocurs during the early part of the storm. At this tie, 
the stageis rising, and accumulated dryweather solid resdue is 

being flushedfrom the sewers and washed and eroded from the tributary 
land areas.As runoff recedes, the sewer and land area surfaces exposed 

to floware reduced; the flow veloities which serve to flush and 

erode aredecreased; and the more easily dslodged solids have been 
acted upon.10 



This pattern of variation may not ocur during period of storm run-off 
which immediately follows previous storm runoff period becausethe 
land surface and sewer lines are relatively 

clean.Pollutants 
which may be injurious to equipment, and are derived 

frompoint 
sources such as those from stokpile drainage, vary at thesampling location with time of travel from the source to the point 

ofobservation. Maximum conentration may occur after the peak of stormrunoff. 
It is conceivable that there would be no contribution fromsome 

point sources during a specifi storm of variationof rainfall in the 
basin.Both velocity and 

the concentration of suspended solids in storm sewers vary with position 
in the sewer cross-section. The manner in whichvelocity is 

distributed 
in the sewer section seriously affects thoseflow measurement 

methods which require independent determination ofaverage velocity. 
Some typical velocity profiles are shown in Figure 2.With openchannel 

flow, higher velocities are usually found near thesurfae and lower 
velocities near the bottom. Average velocity in thevertical is at about 

0.6 depth. Velocities are higher near the centerof the pipe or conduit 
than near the outer boundaries. When the conduitis surcharged and is 

flowing full, lines of equal velocity tend to beconcentric, with the 
higher velocity near the center. On horizontalcurves, higher 

velocities 
are on the outside of the curve due to thecentrifugal ineria 

force. Because the effect of curvature on flowoften continues 
downstream 

for a considerable distance a normal dis¬tribution of velocity 
is not found on a curve, or downstream for adistance of several 

sewer widths.Suspended solids 
heavier 

than water have their lowest concentrationnear the surface, and 
the concentration increases with depth. A "bedload", composed almost 

entirely of heavier solids, may ocur near thebottom of the sewer. 
This 

may "slide" along the bottom or, with in¬sufficient flow velocity, 
may rest on the bottom. As the velocity andturbulence increase, the 

"bed load" may be picked up and suspended inthe sewage. At the 
beginning 

of storm runoff, as water picks up solidswhich have accumulated 
in the sewer upstream during periods of no rain¬fall, the flow ay be 

composed largely of sewage solids, or bed load,which appears to be pushed 
ahead by the water.Suspended aterials 

lighter 

than water, such as oils and grease floaton the surface - as do 
leaves, 

limbs, boards, and some cloth and papermaterials Other small, light 
particles are moved randomly within theflow by turbulence. Larger, 

heavier suspended and floating solidstend to move to the outside 
of horizontal curve, following the streamlines of higher velocity.11 
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Combined Sewer 

lowsCombined 
sewers are designed to carry both stormwater and sanitarysewage 

and/or industrial wastes. Therefore, except for their sanitaryand 
industrial sewage components (dryweather flow) they have the sameflow 

characteristics as storm sewers. As indicated earlier, where mu¬nicipal 
ordinances are lax or not enforced with respect to sanitary 

orindustrial sewer connections to them, storm sewers are little differentfrom 
combined sewers. As combined sewers are designed, dry-weatherflow 
generally includes only a small portion of the total sewer flow.However, 

due to overloading in many rapidly developing areas, the dry-weather 
flow sometimes requires a much larger percentae of totalcapacity. 

Furthermore runoff usually increases dramaticallywith 
urbanization.Because 

the 

design, 
or available, capacity of combined sewers for arrying stormwater 

is probably less than is usually provided in stormsewers, they 
either 

become surcharged more frequently, or the excessflow is diverted 
to overflow lines.NEED FOR FLOW 

MEASUREMENTMeasurements of 

quantity of flow, usually in conjunction with samplingfor flow quality, 
are essential to nearly all aspects of water pollu¬tion control. 

Research, planning, design, operation and maintenance,and enforcement 
of pertinent laws all are activities which rely onflow measurement 

for their effective conduct. For some activities,very precise, 
time 

synchronized, continuous flow records are needed.With others, 
occasional, fairly rough estimates of flow may suffice.ResearchA prnipal 

research 

activity is the development of an extensive baklogof data to characterize 
the various types of wastewater - e.g., sanitaryand industrial wastes, 

stormwater, combined sewage and effluents fromtreatment plants. The 
quantity and rate of sanitary sewage flow fromindividual homes, 

apartments, and commercial buildings, as found invarious cities and 
geographic locations, provide data useful for manypurposes. Similarly, 

measurement of the flow of wastes from specificindustrial processes 
provides general information concerning the char¬acter of such industrial 

wastes. Characterization of andcombined sewage with respect 
to 

geographic location, population density,land use, and other parameters, 
makes reasonably accurate estimation forunmeasured areas posible. 

Siilarly, flow records from a network ofnatural streams throughout the 
country, such as those mantained by theU.S. Geological Survey, make 
possible the haracterization of streams which may be required to receive 

13 



Mathematical models of the relatonships between rainfall runoff, 
basincharacteristics, and concentration of pollutants in the runoff such asthe 

Storm Water Management Model of the are being developed.The principal 
limiting factorin the development and testng of suchmodels has 

been the scarcity of satisfatory data on the quantity andquality of 
runoff in urban areas. Although these models can perform avery useful 

function in synthesizing flow records, they do not fullysubstitute for 
atual flow measurements and records. For example, ap¬plication of a 

model to an unfamiliar area needs verification by atualrecords, and 
adjustments to the model are often indicated.PlanningThe 

availability 

of reasonably accurate and longterm records of flowis a basic 
requirement 

for planning new or expanded systems of sewers, systems for the 
control and/or treatment of stormwater and combinedsewage. Such reords, 

with records of water quality are required todefine the scope of 
the problem to be solved, and to make necessarydecisions concerning 

the type, sie, number, and location of facilitiesrequiredA knowledge of 
existig 

flow onditions, plus knowledge of existingpollutant oncentrations, 

is indicative of conditions to be expectedin the future, and thus 
serves 

to defne the problem. For example In¬filtraton into sewers s 
common problem which must be addressed toavoid excessive construction and 

operational costs. Flow measurementscan serve to locate the approximate 
source and quantty of suchinfltration,For storm and cobined 

sewer 
systems, 

knowledge of the number, fre¬quency, and pollutant loadings (the 
product of quantity and concentra¬tion) of overflows is necessary to 

evaluate their impact on thereceiving stream. Thus, the extent 
and seriousness ofthe problem canbe determined.In many cases, the 

sources and 
movement 

of stormwater pollutants are notobvious They may orignate partly 
through 

rain and over acity; from the surfaces of buildings, streets, 
vacant land, construc¬tion sites, parking lots and yards in urban 

runoff; and n the sewersystem. Often the sources and movements of such 
pollutants can bedetermined through a systematic program of flow 
meauremet and sam¬pling, thus outlining the necessary extent of a 

pollution controlsystem or program.A significant number of procedures 
and facility 

types 
are available tomanagement for the control of pollution due to 

stormwater and combinedsewage. In general, these include methods for 
controllng the quantityof flow, and those for treating, or improving the 

quality, of wastewater14 



Quantity of stormwater can be controlled at the source by 
increasinginfiltration 

to and can be controlled in the sewer systemitself by 
infiltration to the system, by using the aximumcapacity of the system 

itself for storage, and by other procedure.Facilities for temporary 
storage of wastewater outside of the sewersystem can be provided.A 
number of physial, 

chemcal, 
combinatons of physial-chemcal andbological methods have been 

considered in the Storm and Combned SewerPollution Control Program of the 
for treatment of stormwater andombined sewage. In most cases, some 

type of control uch as reductionof Instantaneous peak flows is essential 
for practical application oftreatment methods. Selection of suitable 
facilities and proceduresfor control of peak flows depends upon 

the availability of torm hydro-graph records.Character of storm runof 

as influenced 

by geographic differences instorm patterns, intensty, and frequency 
is defined by records offlow and is the bass for decison on the 

type of pollution controlsystem to be used. As stated by Lager and 
Smith (5), 0 and my b tow and on my d o d n 

may icae and one in .DesignDesign of faclites for temporary 
storage of wastewater within thesewer system such as flow control 

tructures, and off-line storagefaclities must be based largely on records 
of 

peak flows and storm Such data are often most useful when converted to 
figuresof 

frequeny of peak flows or of runoff volume-duration-frequency. 
Theprobability of a second storm occurring within a selected time 

intervalis 
also useful in szing storage facilties. It should be recognizedthat 
wastewater pollution control facilities can, n most cases, 

bedesgned to andle runoff only from storms of comparatively shortrecurrence 
intervals. Runoff from larger storms, of relatively in¬frequent 

recurrence intervals, may completely submerge the facilityand surrounding 
area, and the only design concern would be protectionfrom damage.If, 

for example, screens are to be used for treatment, the number andsize 
of units, sze of screen openings, and other desgn charateristis(such 

as frequeny of sreen cleaning) must depend largely on the 
rate 

and volume of wastewater flow to be handled and on the oncentraton 
ofpollutants Simlarly, if chemical treatment is to be used, the 

number15 



and size of units, the quantity of chemicals, and the design of equip¬ment 
for chemical handling must be based on records of peak flow 

andvolume of flow, as modified by 
storage.Operaton 

and 
MaitenanceAlthough 

operational guides and maintenance procedures are often basedon 
historical records of flow, flow records obtained on a "real-time"basis 

may be more useful for operational purposes Where temporarystorage 
within an extensive system of sewers is ontrolled by computer,flows 

at remote location may be sensed and telemetered to the com¬puter. 
The system can thus be regulated to more fully utilize itstoal 

capacity. If eporary offline sorage is to be uilized wthina combined 

sewer system, a preselected rate of flow, or stage, in thesewer could 

serve to initiate diversion to storage. Efficient operationof systems 
for wastewater pollution control must depend upon measure¬ent and 

sampling 
of flows. In fact, operation of the large-scale,high-rate 

systems that may often be required for control and treatmentof and combined 
sewage will not be possible without coordi¬nated systems of flow 

measurement and sampling.Permits and 
EnforcementSection 

402 of the 

Federal 
Water Pollution Control Act Amendments of1972 (6), a aona oa 

Syte which the the nea Agencymy oppotty t d- any poutant ot 
oban upon cnditionha dage m eee th Ac to o adad and ne 

and and oce The Act requires that the Administrator of the prepare, 
and 

makepublic, fact sheet for every permit application having a total 
dis¬charge volume of more than 500,000 gallons on any day of the year.(The 

Adminitrator 
may prepare fact sheets for smaller discharges.)Included in the fact 

sheet must be: "A quantiative dn 0 the tich th oh the popod th 
L co- th day ot gaon dayProvision is made for 

enforcement 
of the Act by 

recourse 
to crimnal,ivil, and civil remedies. Thus measurement of flow 

isone of the basc requirement for issuance of a permit to dischargepollutants.16 



TYPES OF FLOW DATA 
REQUIREDBasic 

flow data can be lassified accordance with their 
probableaccuracy, 

time continuity or discontinuty and their general quantitylevel 
such as high, medium, or low. All flow data must be synchronized 

with time, at least on a watch time basis to have any usefulmeaning. 
For some purposes, such as certain research or operationfunctions, 

very precise time synchronization is necessary. To in¬crease 
their usefulness, various statistical parameters such as totals,means, 

extremes variability, and frequency are derived by analysis ofthe basic 
flow data.Continuous 

records of flow for the time period of interest probablyare most 
commonly required. For planning and design of pollution con¬trol 

facilities, or for determining the effects of pollution on thereceiving 
stream, many years of continuous record of flow may be use¬ful. 

Continuous 
"real-time" data for operation of failities may beneeded for 

an indefinite time period.In many 
storm 

sewers, flow outside the periods of storm runoff isnegligible. 
Therefore the need is for continuous record of flowduring periods 

of storm runoff only. Flow measrement equipment anbe activated 
automatically by the onset of rainfall, or by preselectedwater surface 

elevation, and can be deactivated in a similar manner.There may be 

situations where the magnitude and frequency of peak flowsonly would be 
required. These data could, for example, be required fordetermination 
of the maximum required size of sewers or other facilities,In this case, 
crest-tage measurements only can be obtained by varioussmple devies 

such as a vertical pipe stilling well with a graduatedrod left in it. 
Maximum stage is recorded by line of ground cork,or other floatable 

material, left on the stik during a period ofstorm runoff. 
calibrated primary device, such as culvert, flume,or rated channel, 

must be used with the crest-stage measuring equipment.On the other hand, 

measurements of low flow only can be useful. Thiswould be true in 
cases where low flow augmentation of the receivingstream could be 

an aceptable measure for reducing the concentrationof pollutants in 
the stream. Because of the usual slow change in during periods of 

dry weather comparatively few measurements are needed to define such 
low flows.Another type of flow 

measurement, 

often known as a mscellaneous meas¬urement is made only at rather 
infrequent intervals of time. The timeinterval may be regular or it may 

be simply at the convenience of the Such measurements are useful where 
flow is known to berelatively steady. Flows of effluent from 

treatment plants, effluent17 



from seleted types of industrial plants sanitary sewage, or stormsewers 
during periods of dry weather may be satisfactorily defined 

bymiscellaneous 
measurements,Often, 

flow measurements are made for the purpose of calibratinganother, 
possibly cotinuous type, flow measurement device. For ex¬ample, 

a series of current meter measurements may be made over a rangeof 
stages to calibrate a measuring flume which may not be satisfactorilyThe 

probable 
acuracy 

of flow data is determned by a nuber of factors.Each type of flow 
measurement equpment has an inherent maximum capablity for acuracy. Care 

with which ertan types of equipment areinstalled affects the auracy 
of the flow data. Conditons under whichthe equipment s used influence 

the acuracy of the data collected.The harsh conditions found in 
many 

sewers can be detrimental to measuring equipment, and akes the work 
of the difficult. Useof certain types of equipment necessitates 

considerable training andexperience if accurate reords are to result 
Estiates of probableaccuracy of the data should always be furnished 

by 
field personnel asa guide to the user, who otherwise has little means 

of knowing if theyhould be rated as excellent, good, fair or poor.18 



SECTION 

IVTHE 
TIME ELEMENT IN FLOW 

DATAMeasurements 
of flow are useful only with respect to the relationshipof 

the measured flow with other phenomena. An assignment of time 
ofoccurrence to flow data makes possible a determination of its relation¬ship 

to other parameters whose times of ocurrence are known. 
Theother 

parameters of interest may or may not be synchronous with the 
flowdata. 

In some cases, definition of the time interval between events 
issufficient but, generally, the true clock time, preerably standard time,of 

the concerned flow is 
required.IMPORTANCE 

OF THE TIME ELEMENTThe 

required accuracy of the time element in flow data is very differentfrom 
requirement to requirement An eample is the use of peak flowsfor 

each year to determine their frequency. On the other hand flowsat 
intervals as short as one minute have been collected to define thedischarge 

from small urban areas.A particular 
need 

for improved acuracy in the time element occurs inthe measurement 
of flows from small urban storm sewers in order to define the hydrograph 

and to provide data for development and verifica¬tion of 
rainfall-runoff-quality 

models. Accurate definition of boththe time and 
discharge 

elements of the hydrograph makes possible thecomputation of 
total volume of runoff during the storm by computing thearea under the 

hydrograph, exclusive of base flow. By selecting a number of well defined 
resulting from storms of similar rain¬fall characteristics, a typical 

hydrograph for the basin an be defined.When the hydrograph is so 
adjusted 

that its runoff volume is 2,54 cm(1.00 in.) of rainfall exess, 
it is called "unit hydrograph", and itcan be conveniently used to 

define 
hydrographs resulting from siilarrainfalls of any volume of rainfall 
excess. Shape of the unit hydro-graph is determined by accurate 

timing as well as by dscharge althoughit is independent of lock time. The 
hydrograph as defned by clocktime and discharge is often used to 

route flows along stream channelor through a reservoir.Peak flows, 
storm runoff volumes, 

daily 
flows, or other flow parametersare often correlated with simlar flows 

at other points on a storm seweror stream, or with flows of other storm 
sewers or streams, to provide ameans for flow estimation. Also, 

correlations may be made with variousphysical characteristics of a basin, 

such as area, slope, populationdensity, etc. Correlations with 
temperature, soil moisture, or anteedent precipitation may be made at 

times. 
In most cases, it is19 



essential that the orrelated variables be synchronous, so accuratetiming 
of the data is oten 

required.Timing 

of measured flows and collection of quality amples can be useful 
in determining sources of pollution. For example, they can berelated 

to time of release of pollutants from industrial plants orto the 
time of accdental spills of pollutants. The tme of travel ofpollutants 

along stream or storm sewer can be estmated from the timeof travel 
of smal rises or other flow changes In the channel.In many 

situaton where flow measurement is used for operation of pol¬lution 
control 

facilities, accurate timing of the flows may be required.This is 
particularly true where upstream flow data are transmittedelectronically 

for automatic control of gates, pumps, and other dvicesfor the relief 
of stormwater flows.CONTINUOUS 

RECORDING OF FLOWSMany 
different 

kinds of equipment are available for the continuousrecording of 
flow data. In general, they consist of clock, or timerwhich drives 

or regulates the rate of motion o strip chart or tape,or a circular 
chart. Discharge may be recorded diretly on the chartby pen, pencil 

or digital punch; or, stage only may be recorded forlater conversion 
to dischare by means of known relationships of stageto discharge. Ths 
coverson may be made manually, with the aid of adischarg integrator, 
or by mean of a computer where digital punchedtape is available.Adjustments, 

or 
corrections, 

to the record are usually required. Theclocks or tmers in 
general 

use do not maintain fully acurate charttime. Sliding time 
corrections 

are made for the periods between vstswhen the chart position of 
the pen i compared with watch time of thehydrographer. Small errors 

n discharge or stage are similarly corrected for the perods between 
vsits. Careful review of the chartsmay reveal periods of clock 

stoppage, temporary backwater conditions,or instrument malfunctions for 
which corrections may be made.When the relatonship between 

stage 
and discharge is nonlinear, rapidlychangng stages must be ubdivded 

into relatively short perods beforeconvertng to discharge. Due to 
intermittent 

use of daylght savingtime, and inconsistent use of such time 
from place to place, all flowrecords should be adjusted to standard 

time.Clock Drives and TimersClock drives 

comonly 
used on flow 

recorders 
include spring wound,suspended weight, battery powered otor, 

and synchronous motor (alter¬nating current) Except for those driven 
by synchronou motor through20 



a power system of regulated frequency, significant time errors can 
beexpected. Errors of one or two hours per week are common with recordersof 

the 8-day type. Without careful clock adjustment, errors of 
severalhours 

per onth in continuous-type recorders are to be expected. Timerson 
the digital paper punches now widely used in the field by the 

U.S.Geological Survey are said to provide correct timing within about15 
minutes per month Where required, more accurate timers are avail¬able 
to substitute for those in more general use. Extremely accuratetime 
can be maintained with quartz crystal timers, for example. Thecost 
of such solid state timers is not high, except for those 

havingrefnements 
such as compensaton for error due o temperature 

change,Synchronous 

data recording is often achieved by the tracing of morethan 
one data parameter on a sngle chart controlled by a sngle timer.Thus, 

flow data may be traced together with rainfall data to provide abetter 
relatonship between ranfall and runoff. On one exstingproject 

flow 
data from several sites are beng transmitted to a centrallocation and 

traced a single chart. Although the data thus recordedare synchronous, 
they are not necessarly plotted to correct clok time.In several systems 
of combined sewers, "real-time" ranfall, quality,and flow data 

are 
transmitted to central computer, which analyzes thedata to provide 

control of gates, pumps, and regulators for optimum sys¬tem operation.Recorder 
Charts 

and TapesDfficulty 

recording 
the correct tme of flow data arises not onlyfrom error of timers, 

but also from mechanical inaccuracies In thereorders, and from 
dmensions of the recorder paper.Under moist, humid conditions, 

most paper charts expand a sgnifcantamount. Expansion of more than 0.5 
perent is to be expected at times.Error due to expanson of strp 

chart 
could hu be one hour (or more)in 10 days of operation. A recorder with 
an auxliary pen that marksthe paper at unform intervals of clock 

time, rather than relying uponpreprinted time divisions on the hart, 
serves as a bass for correctiondue to humdty effects.Timing of digital paper 

tape punch recorders 

s not affected by hangesn the paper tape length because the punhes occur 
at uniform Intervalsof lock time. FLOW DATAOther flow measurements, 

such as the 

miscellaneous 
type, are 

usuallymade 
directly by the hydrographer and are timed by his watch. 

It isImportant that he maintain his watch as accurately as possible, 

andthat he note the time as standard or daylight savng, whchever 
itmay be.21 



It is neither possible, nor necessary, to determne the precise timefor 
crest-stage measurements of peak flows obtaned as described 

above,Usually, 
the time can be established closely enough for the purpose 

bycomparison with the correspondng peak stage at a nearby flow recordingsite.22 



SECTION 

DESIRABLE EQIPMENT CHARACTERISTICSFrom 

the brief review of the severe conditions and vagaries of stormand 
combined sewer flow and dicussions given in the preedng sections,it s 

ntuitively obvious that a number of very stringent design requirements 
must be plaed on flow easurement devices if they are tofunction 

satisfatorily In such an applcation. It should also be ap¬parent that 
no single design can be onsidered ideal for all flow meas¬urement ativties 

in all torm and combined sewer flows of interest.Characteristis 
of 

the available stes, as well as the particular flowsin queston, make a 
device that might be acceptable for one loationtotally unsuitable 

for another Despite this, one can set forth someequpment "requirements" 
n the form of primary design goals and somedesirable equipment 

features n the form of seondary design goals.PRIMARY DESIGN GOALSThe 

following are 
considered 

to be prmary desgn goals for equipmentthat is to be used to measure 
storm and combned sewer flows:Range Since flow velocities 

may range from 0.03 to 9 meters per second(0.1 to 30 it is desirable 
that the unit have ether a very widerange of operation; be able to 

automatically shift scales; or otherwisecover at least a 100 to range,Accuracy 
- For most purposes, an 

accuracy of ±10 of the reading at thereadout point s necessary, and there 
will be many applcations wherean accuracy of ±57 is highly desirable. 

Repeatability of better than±2% is desred n almost all instances.Flow 
Effects on Accuracy The unit 

should 

be capable of maintaining itsaccuracy when exposed to rapd changes n 
flow; e.g., depthand veloctychanges in an open channel flow situation. 

There are Instances wherethe flows of interest may accelerate from 
minmum to maximum n as shorta tme perod as five minutes.Gravity and Pressurized 

Flow Operation Because 

of the conditions thatexist at many measuring sites, it is very desirable 
that the unit havethe capablity (wthin a cloed conduit) of measurng 

over the fullrange of open channel flow as well as with the conduit 
flowing full andunder pressure.Sensitivity to Submergence or Backwater 
Effects - 

Because 
of the pos¬sbility of changes in flow resistance downstream of 

the measurng site23 



due to blockages, risng river stages including possible reverse 
flow,etc., 

it highly advantageous tat the unit be able to continue 
tofuntion 

under such conditions or, at mnimum be able to sense theexstence 
of such conditions whih would lead to erroneous readings.Effect 

of 
Solids Movement - The unit should not be seriously affectedby the 

movement of solids suh as sand, gravel, debris, et. withinthe fluid 
flow.Flow 

Obstruction 
- The unit should be as as possible toavoid obstruction or 

other interference with the flow which could leadto flow blockage or 
physical damage to some portion of the devce.Head Loss - To be uable 

at maxmum number of measurement sites, theunit should induce as little 
head loss as possible.Manhole Operation - To 

allow 
maxium flexibility in utilization, theunit should have the 

apabilty 
of being installed in confned andmoisture-laden spaces such as 

sewer manholes.Power Requirements The unt 

should require minimum power at the meas¬urng site to operate; the 
ability 

to operate on batteries is a definteasset for many installations.SECONDARY 
DESIGN GOALSThe 

following 

are desirable 
features 

for flow measurng equipment,especially for use in storm or 
combined sewer applicaton:Ste Requirements - Unit desgn 

should 

be such as to minimize site re¬quirements, such as the need for a 
fresh water supply a vertical dropexessive physical space, et.Installation 

Restrictions or Limtations 

- The unit should impose amnimum of restrctions or lmtations on its 
installaton and becapable of use on or within sewers of varying 

size.Simplicty and Reliability To maximize 
reliability 

of results andoperation, the desgn of the unt should be as smple 
as possible witha minimum of moving parts, etc.Unattended Operation - 

For te majority of applications, 

it is highlydesirable that the equipment be apable of unattended 
operation.Maintenance Requrements - The desgn of the equipment 

should 
be suchthat routine maintenance is minmal and troubleshooting and 

repair canbe effected with relative ease, even in the field.24 



Adverse Ambient Effects - The unt should be unaffected by 
adverseambient 

conditions such as high humidty, freezng temperatures, hydro¬gen 
sulphide or corrosive gases, 

etc.Submersion 
Proof - The unit should be capable of withstanding 

totalimmersion 
without significant damage. - 

The unit should be of rugged construction and as vandaland theft proof 
as possible.Self Contained 

- The unit should be self contained Insofar as possiblen view of the 
physical prniples involved. - In order to 

maximize the flexiblity of using theequipment In different settngs 
it is desirable that it be capable of i.e., t should not be neessary 
to calibrate the sys¬tem at each location and for each application.Ease 

of Calibraton - Calibration of the unit 
should 

be a smple,straghtforward process requirng a minimum amount of 
time andancillary equipment.Maintenance of Calibraton - The 

unit should operate 

acurately forextended periods of time without requiring Adaptability 
- The system should be capable of: indiating andrecording 

instantaneous flow rates and totalized flows; providin 
flowsignals 

to assoated equipment (e.g., an automatic sampler); Imple¬mentation 
of remote sensng techniques or incorporation into a computerized 

urban data system, including a single readoutcapability.Cost - 
The unit should be affordable both n terms of acquisition andinstallaton 

costs 

as well as operating costs, including repair andmaintenance.EVALUATION 
PARAMETERSIt is, of course, not necessary that all of the prmary 

and 
seondarydesign 

goals be 
achieed 

for all flow measurement requirements. Forexample, "spot" measurements 
of all flow rather than contnuous recordsare suffient at tmes. 

Flow measurement devices used to calbrateothers need not necessarily 
be 

self ontained, nor would unattendedoperations be requred. Furthermore, 
meeting all of the listed deigngoals for all Installations and 

settngs would be dffcult, if notImpossible, to achieve In a sngle 
design.25 



Nonetheless, the primary and secondary design goals can be used 
toformulate a set of evaluation parameters agant which a given desgnor 

pece of equipment can be judged. Since application details maymake 
ertain parameters more or les mportant in one instance oranother, 

no attemp has been made to apply weighting factors or asinnumerical 
rank It is hoped that the evaluation factors will proveuseful, as 
a check list among other things, for the potential userwho has a 

flow measurement requirement and who may require assistancen the selection 
of hs equpment.The evaluaton 

parameter, together with qualitative scales are presentedin the form of a 
low measurement equipment checklst n Table 1.26 
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SECTION 

VIMEHODS 
OF FLOW 

DEERMINATIOGENERALThis 

section is intended to provde the reader with an overview of 
thephysical 

principles that have been utilized in the design of equipmentfor 
the quantitative measurement of flows. It presents a discussion,in 

generic terms, hat may help the reader to better follow the treat¬ment 
of comerially available equipment given In Section VII. Thereare a 

number of excellent references on te subject and the reader isreferred 
to them for a more in-depth presentation. Noteworthy amongthee are 
the monograph on fluid meters (7) which was used as aguide for the 
organization of this setion as well as much of its con¬tent, (8) and 

(9) which were also liberally used asresource material; the Bureau 
of Relamation water measurementmanual (10) the and water resource 
data book (11),and the many standard texts on hydraulics, flud 

mechanis 
etc.Any flow measurement system can be considered to 

consist 

of two dis¬tinct parts, eah of which has a separate function to 
perform. Thefirst, or primary element, is that part of the system 

which is n co¬tact with the fluid, resulting in some type of interaction. 
The ec¬ondary element is that part of the system which translates 

thisinteraction into the desired readout or recording. While 
there is al¬most an endless variety of seondary elemets, primary elements 

arerelated to a more limited number of physial principles, being 
depend¬ent upon some property of the fluid other than or in addition 

to, itsvolume or mass such as kinetic eergy, inertia specfic hea or 
thelike. Thus the primary elements or rather their physical principles,form 

a natural classificaton system for flow measuring devices andare 
so used in this discussion.Flow measurement systems may be thought 
of as belonging to one of 

tworather 
broad divisions, quantity and rate. In quantity meters, theprimary 

element measures isolated (i.e., separately counted) quanti¬tie 
of fluid either in terms o mass or volume. Usually a containeror 

cavity of known capacity is alternately flled and emptied, per¬mtting 
an essentially continuous flow of the supply. Thesecondary element 
ounts the number of these quantities and indicatesor records 

them, often against tme. In rate meters, by ontrat, thefluid passes in 
a ontnuous, uninterrupted stream, which interactswth the primary 

element 
in a certain way, the interacton beng depend¬ent upon one or 

more physical propertes of the fluid. In the second¬ary element, the 
quantty 

of flow per unit tme s derved from thisinteraction by known physical 
laws supplemented by empirical relations.A general categorization 

of flow meters by division, classification,28 



type, and sub-type is presented in Table 2. Each classification is 
ds¬cussed brefly n the following sub-sections,A 

slightly modified form of the flow measurement equipment checklistgiven 
in Table 1 has been used to evaluate the various flow measuringdevices 

and techniques in tabular form and a matrix summary is givenat 
the end of ths section. It must be re-emphasized that these eval¬uatons 

are made wth a storm or ombined sewer flow measurement ap¬plication 
in mind and wll not necessarily be applicable for othertypes of 

flows. They are necessarily somewhat subjetive, and thewriters 
apologize in advance to the clever reader who has made partic¬ular devie 

work satisfactorily in suh an application and, hence,feels that 
it has been treated unfairly.Only a few 

of 
the evaluation parameters normally have numbers associatedwith them. 

To 
assist the reader in interpreting the ratings, the fol¬lowing general 

guidelines were used. If the normal range of a partic¬ular device 
was considered to be less than about 10:1, it was termedpoor; if it 
was considered to be greater than around 100:1, it wastermed good. 

The intermedate ranges were termed fair. The accuracythat might 
reasonably by anticipated in measuring storm or combinedsewer flows 

was considered rather than the best accuray achievable bya particular 
device. For example although a sharp-crested weir may becapable of 

ahievng 
acuracies of ±1.5r better in clear irrigationwater flows, accuracies 

of much better than ±4-7 should not neessarilybe anticipated for a 
sharp-crested weir measuring stormwater or combned sewer discharges. If 

the accuracy of a particular flow measur¬ing devce or method was 
considered to be better than around ±1-2, itwas termed good; if it was 

considered to be worse than around ±10, itwas termed poor. The intermedate 
acuracies were termed fair.The flow measuring devies and 

techniques were not rated on two evalua¬tion parameters, submersion proof 
and adaptability, because these fac¬tors are so dependent upon the 

design details of the secondary elementselected by the user.SITE 
SELECTIONThe sucess or 

failure 
of 

selected 

flow measurement equipment or methodswith respet to accuracy and 
ompleteness 

of data collected as well asreasonableness of ost, depends very 
much on the care and effort in selectng the gaging site. Exept for 

a few basic require¬ments which are appliable to all types of 
equipment 

and methods whihwill be discused at this point, there are signficant 
differences insite needs for various flow measurement devices. 

Partular site re¬quirements will be addressed in the discussion of eah 

equipment type.A requirement which appears to be obvious, but which 

is 
frequently notsufficiently consdered, is that the ste selected be 

located to givethe desired flow measurement. Does flow at the site 
provide 

information29 



TABLE 2. FLOW METER 

CATEGORIZATIONCLASSIFCATIONGRAVIETRICGRAVIETRICGRAVMETRICVOLUMETRICVOLUETRICVOLUMETRICVOLUMETRICVOLUMETRICVOLUMETRICVOLUETRICVOLUMETRICDIFFERENTIAL 

PRESSUREIFFERENTIAL 
PRESSUREDIFFERENTIAL 
PRESSUREDIFFERENTIAL 
PRESSUREDIFFERETIAL 

PRESSUREDIFFERENTIAL 
PRESSUREDIFFERENTIAL 
PRESSUREDIFFERENTIAL 
PRESSUREDIFFERENTIAL 
PRESSUREDIFFERENTIAL 
RESSUREDIFFERENTIAL 

PRESSUREDIFFERETIAL 
PRESSUREDIFFERETIAL 

PRESSUREDIFFERENTIAL 
PRESSUREDIFFERNTIAL 

PRESSUREDIFFERENTIAL 
PRESSUREVARIABLE AREAVARABLE 

REAVARIABLE 

AREAHEAD-AREAHEAD-AREAHEAD-AREAHEAD-AREAHEAD-AREAHEAD-AREAHEAD-AEAHEAD-AREAHEAD-AREAHEAD-AREAHEAD-AREAFLO 

VELOCITYFLOW 
VELOCITY 

VELOCITYFLO 
VELOCTFLOW 

VELOCITYFLO 
VELOCITYFLOW 
VELOCITYFLO 

VELOCITYFORCE-DSPLACEMETFORCE-DISPLACEMENTFORCE-DISPLACEMENTFORCE-DISPLACEMENTFORCE-DISPLACEENTFORCE-MOMENTUMFORCE-OMENTUFORCE-MOMENTUMTHERMALTHERMALTHEMALOTHEROTHEROTHEROTHEROTHEROTHEROTHERTPEEIGHER 
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DISCSLIDING VANEROTATING 

EAR OR IPELLER WHEELVENTURIDALL 
TUBEFLOW 

NOLEROUNDED EDGE 
ORIICESQUARE EDGE ORIFCESUARE EDGE 
ORIFICESQUARE 

EDGE 
ORIFCESQUARE 

EDGE 
ORIFICECENTRIFUGALCENTRFUGALCENTRIFUGALIMPACT 

TUBEIMPACT TUBELINEAR 
RESISTANCE RESISTANCELINEAR 

RESISTANCEGATECOME 
AN FLOATSLOTTED 

CYLINDER AND 

PISTONHEIRWEIRFLUMEFLUEFLUMEFLUMEFLUMEFLUMEFLUMEFLUEOPEN 

FLOH 
NOZZLEFLOATFLOATTRACERVORTEXVORTEXTURBINEROTATNG 

ELEMETROTATING 

ELEMENTVANE 

PENDULUMTARGETJET 
DEFLECTIOBALL 

AND 
TUBEAXIAL 

FLOH 
ASSRADIAL 

YROSCOPIC EFFECTHOT TIPCOLD 
TIPBOUNDAR 

LAERELECTROMAGNETICACOUSTICOPTICALDILUTIONELECTROSTATICNUCLEAR 

RESONANCESUBTPECONCENTRICECCENTRICSEENTEDGATE 

OR 
VARIABLE AREAELBOW OR LONG 

RADIUS 
BENDTURBNE 

SCROLL 
CASGUIDE 
VANE SPEED 

RING VENTURIPIPE 

SECTIONCAPILLARY 

TUBEPOROUS 
PLUGSHARP CRESTEDBROAD 

CRESTEDVENTURIPARSHALLDISKIN 
DEVICECUTTHROATSAN 
DIMASTRAPEZOIDALTYPE 
HS, H. AND 

HLSIMPLEINTEGRATINGVORTEX-VELOCITYEDDY-SHEDDINGHORIZONTAL 

AXSVERTICAL AXIS30 



actually needed to fulfill project needs? Sometimes influent 
flows,diversions, or storage upstream or downstream from the selected 

sitewould bias the data in a manner not understood without a thorough studyof 
the proposed site. Such study would Include reference to surfacemaps 

and to sewerage maps and plans. Sometimes Infiltra¬tion or 
unreorded onnetions may exist. For these reasons, a thoroughfeld investigation 

should be made before establihing a flow measure¬ment site.There 
are some 

ituations where there is no hoice of sites. Only asingle site may be 
available where the desired flow measurement can bemade. In this case, 

the problem is one of selecting the most suitableflow measurement 
equipment and methods for the available site,A basic consideration 

in site selection is the posible availability offlow measurements 
or 

records collected by oters. At times, data beingcollected by the U.S. 
Geological Survey, by the State, or by other pub¬lic agenies an be used. 

There are locations where useful data, al¬though not currently 
being collected, may have been collected in prioryears. Additional data 

to supplement those earlier record be moreuseful than new data collected 
at a different site. Other general siteonsiderations include any 

history of surcharging, entry ad backwaterconditions, and intrusion from 
receiving waters.Requirements which apply to 

all 
flow easurement sites are accessibil¬ity, personnel and equipment 

safety, and freedom from vandalism. If acar or other vehicle can be 
driven directly to the site at all times,the cost in time required for 

installation, operation, and maintenaneof the equipment will be less, 
and it is possible that less expensiveequipment can be selected. 

Consideration should be given to acessduring periods of adverse weather 
conditions and during periods offlood stage. Sites on bridge or 

at manholes where heavy traffic occurs should be avoided unless 
suitable protection for men and equipmentis provided. If entry to sewers is 

required the more shallow locationshould be selected where possible. 
Manhole steps and other facilitiesfor sewer acces must be arefully 

inspeted, and any needed repairsmade. Possible danger rom harmful gases, 
chemials, or explosionshould be investigated. With respet to 

ites 
at or near streams, hs¬torical flood marks should be determined and 

used for placement of ac¬cess faclities and measurement equipment above 
flood level where thisis possible. Areas of known requent vandalism 

hould be avoided.Selection of sites n open, rather than secluded 

areas may help to re¬duce vandalism. Often, the only solution to prevent 
destruction of fa¬cilities is to place them in solid concrete or 

steel shelters, and tosurround them with heavy fencing. Erection of 
warning sigs is futile,as they often serve only to provide targets.31 



In development of a system or etwork of flow measuremet stationprimary 
consideration must be given to cost if the maximum benefit isto 

result from available funds. Therefore ost must be considered inselection 
of each gaging site.- Cost reductio can result from selec¬tion of 

sites where the less expensive types of equipent, which willfulfill 
project requirements of accuracy and completeness, can be in¬talled. 
For example, if a site is selected where conditions are suchthat 

satisfactory reords can be obtained with a weir installationthis would 
be preferable to selecting site where the head loss re¬quired by a 

weir would not be available, and the expense of installinga Parshall 
flume must be met.GRAVIMETRICAs 

indicated 

in Table 2, gravimetric meters include weighers, tiltingtrap and 
weigh dump meters. Weighing the fluid is a prary standardand, since the 

acuracy of weighing devices is routinely considered tobe better than 
±0.1%, they are frequently used to calibrate other me¬ters as, for 

example, at the new Natonal Bureau of Standards calibration faility. In 
its implet form, a gravimetric meter in¬volves determining te weight 

of a quantity o fluid in a tank mountedon beam scales, load cells, 
or 

some other mass or force measuring de¬vice. Where flow is uniform, 
an indication of flow rate can be obtainedby measuring the time over 

which 
the measured weight of fluid is gathered. The tipping bucket ran 

gage is probably one of the mot ommonmeters of this type in field use. 
Another field appliation, usedwhere a scale or some other weighing 

device is available, is the sim¬ple "bucket and stopwatch" technique. 
Practical considerations limitthe ue of this technique to fairly 

low flow rates, however. Gravi¬metric meters may often have a useful 
range of up to 100:1, and accu¬racies of ±1 of the reading or better 
are routine.All types of gravimetric meters as a 

class are evaluated in Table 3.Since they are generally not well 
uied 

for storm or combined sewerflow measurement, no further discussion 
will be gven.VOLUMETRICWhenever the fluid density 

can 

be 
assumed 

to be reasonably constant avolumetric measure of flow is adequate. 
Because of ther simplicityand lower ost as ompared to gravimetri 

meters, most quantity metersfound on the market today are volumetric 
devices. A representative,but not inclusive, listing of types of 

volumetric 
meters is iven inTable 2, As with gravimetric devices, rates 

of 
flow can be indicatedwit many volumetric meters by using appropriate 

secondary elements.Probably the most elementary type of volumetric 

device i the meteringtank. An open tank is repeatedly filled to a 
fixed depth and emptied.32. 
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Although potentially not as accurate as weghing, since both the fluidand 
tank are subject to temperature effects, accuracies of about ±1% 

ofreading are routinely achieved. The usable range of metering 
tankdevie 

is a function of its design, but 10:1 is commonly achieved.There 

have been a few instanes where existing structures have beenused 
as volumetric flow measuring devices for stormwater or ombinedsewage. 

For example, in at least one location wet wells have beenutilized 
in "fill and draw" fashion in order to provide an indicationof 

flow. The monitoring of pump operations at lift stations in generalhas 
been used in number of cases to obtain flow information. Suchtechniques 

rely upon the use of existing equipment and structures, how¬ever, 
and flow measurement was not their original purpose. For thisreason, 

they must be onsidered as techniques of opportunity ratherthan 
as candidates for flow measurement equipment per onsequently,they will 

not be included in the evaluation table.Many of 

the 
flow measuring devices in the volumetric classification arepositive 

displacement meters. Suh units may be considered to be fluidmotors 
operating with a very high volumetric efficiency under a verylight load. 

This load is made up of two part; the internal load dueto friction 
within the primary elemet and the external load imposedby the secondary 

element or register. As in all fluid motors, workdone against 
a load results in a pressure drop. The main factors influencing the 
magnitude of this pressure drop are the type of seal re¬qured, the power 

required to drive the register, the viscosity of theliquid, and the 
rate of flow.Various 

ingenious 

mechanical Implementations of suh meters includesuch types as the 
reciprocating piston, oscillating or ring piston,nutating disc, 

slidin and rotatng vane, and gear or impeller.Several of thee have 
seen 

application in water meter designs for resi¬dential and commercial 
ue. They are seldom found in large size andare obviously poorly suited 

for measuring storm or ombined ewer flows.A special adaptation of a vane 
type meter is the Wheel. Thesedevices are widely used in Australia 

and New Zealand to measure irriga¬tion water flows, but are almot unknown 
in the United State. Accura¬cies of ±3,5% are reported for free 

discharge condition or dischargerates between 0.042 and 0.14 (1.5 and 5.0 
Maxmum ranges of51 have been achieved in maller sizes.All types of 

volumetric meters as a clas are evaluated 

in Table 4.Snce they are generally not well suted for sorm or 
cobined sewerflow measurement, no further discussion will be given. 
Complete 

de¬scriptions and discussion can be found in the references - 

especially (7), (8), and (9).34 
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DIFERENTIAL PRESSUREFlw 

measuring devices that fall in the differential pressure classifi¬cation 
operate by converting energy from one form to another. For 

ex¬ample, 
in those prmary devices that have a reduced cross-section,potential 

energy is onverted into kinetic energy to produce a differ¬ential 
pressure, while in the impact type devices the revere is true,Centrifugal 

type devces utilize the acceleration of the flow around abend, 
while lnear resistane type devices are based on losses. n many 

designs 
a combinaton of velocity head, frictionallosses, or stream-line 

bendng employed An important feature ofall flow measuring 
devices 

in the differential presure classificationused here is that they 
can only be used n a closed condut flowing fulland under pressure.VenturiAs 

noted above, 
when 

a 
fluid 

flows through a conduit of varying crosssection ts velocity varies 
from pont to point along the conduit orpassage. If the velocity 

increases, the pasage is alled a nozzle,and the kineti energy inreases 
at the expense of Internal energy. Ifthe velocity decreases, the passage 

is alled and the in¬ternal energy increases at the expense of 
kinetic energy. If the cross-section of a nozzle decreases continuously 

from entrance to ext it iscalled converging, and if it increases 
ontinuously it is called di¬verging. The cross-section of a diffuser ay 

either inrease or de¬crease depending on whether the flow is supersoni 
or subsonic. is a converging nozle followed by a subsonc 

diffuser. Theregion of minimum cross-section is called the throat. A 
number of dif¬ferent venturi geometries have been developed over the 

years, one ofthe more common being the tandard (long-type) Venturi 
metertube (Figure 3).The venturi meter is one of the most accurate 

devices 
for 

measuringliquid 
flow rates in pipes, but it is not in comon use for waste 

flowmeasurement for a nuber of reasons, not the least of which is it 
cost.The venturi causes a very low pressure loss and with proper precau¬tions, 

is good for use in liquids with high solids concentrations. 
Forexample, Standard D 2458 states (12) "When a tbe to be d ontainin 

g ono od oh the and by hate at the and and A ith It is 
further reommended that the flushing waterpressure should exeed the maximum line 

pressure by at least 0.7 cm (10 The flushing water flows should be equal and 
continuous,and held to a small quantity to prevent any measurable pressure 

differ¬enial which would be reflected in the metering instrument.36 





It is esential that the flow enterig a venturi tube be of 
uniformturbulece, 

free from helical flow and from high or low pressure 
areas.Therefore, 

long uninterrupted runs of straight pipe upstream from theventuri 
location are desirable for accurate fluid metering. Straighten¬ing 

vanes can often be used to reduce the upstream straight pipe run re¬quirement 
when the disturbing device produces spiral flow but they dolittle 

to reduce the effects of elbows and partly opened gate valves.The 
required run depends upon the nature of the upstream element; e.g.,elbow, 

gate and globe valve, etc., and the ratioof the throat diameter to 
the pipe diameter. Typically, the minimum de¬sirable straight ru will 

be 
from to 20 pipe diameters. Conditionsdownstream from the venturi 

tube have lttle effect on performance.The pressure differential of a 

venturi tube can be measured using mer¬cury columns, electrically 
pneumatcally, or by Incorporating a waterlevel sensing device (e.g., a 

foat 
operated instrument) and water col¬umns. Although manufacturers 

typically supply rating curves with therinstruments, (12) recommends that 
each venturi be calibrated nplace to meet accuracy standards. 

Accuracy 
is affected by changes indensity, temperature, pressure, viscosity, 
and by pulsating flow. Underideal conditios a venturi can yield 

accuracies of around ±0.5 of thereading, but more typical accuracies 
achieved 

are about ±1 or 2. Mostinstallations are usable over range of 
5:1 or so. Venturi tube metersare evaluated in Table 5.Flow TubesFollowing 

the development of the 

venturi 

tube in 1887 num¬ber of variations such as the short-coned venturi 
were developed. Amongthe more recently introduced primary devices is the 

Dallflow tube (13), which was developed in England, The Dall tube 
consistsof a flaged cylindrical body designed with a short straight inlet 

sec¬tion which terminates abruptly with derease in diameter, thus 
form¬ing a shoulder. This is ollowed by a coical and divergingoutlet 
separated by a narrow throat. In effect the Dall tube usesstream-line 

bending as well as veloity head to obtain a differentialpressure 
larger than that produced by a standard venturi meter. Singlehole 

pressure taps are located at the inlet shoulder and the throat(Figure 
4). Both pressure taps can be continuously flushed with leanwater to 

prevent plugging from solids in the flow as done with the ven¬turi 
tubeThe Dall tube is almost as accurate as the standard venturi and has 

ahigher head 

recovery, being one of the lowest permanent head loss de¬vices known. 
It is more sensitive to system disturbances than the ven¬turi, and 

straight upstream pipe runs of 40 pipe diameters or more maybe required. 
Although somewhat cheaper than the venturi, the Dall tubemust still 

be considered expensive. It is much shorter than either38 
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long or short venturi tubes, and thus has less of an Installation 
re¬striction. The throat of the Dall tube an foul, and it is not gener¬ally 

recommended for extremely dirty fluids. Dall tubes are evaluatedin 
Table 

6.There 
have also been number of recent American proprietary develop¬ments, 

typical of which is the tube. It senses the vacuumat the throat 
produced by the entrifugal action of the liquid roundinga curve and 

the ipact pressure at the inlet. It is also high headrecovery 
device 

but, unlike the Dall tube, can generally be successfullyused to meter 
dirty fluids. With this exception, the evaluation com¬ments of Table 

6 can be assumed applicable to the "Lo-Loss" tube also.The Gentile 

tube is a somewhat different differential pres¬ure producer, in which 
there 

is a slight contriction in the line.Pressure ports exit in the 
wall of the constriction. These port facein opposite directions and the 

effect is somewhat imilar to themultiple-port tube. In effet 
these tubes are used to am¬plify the throat pressure. Because of the 

type of construction and sizeof the ports, the device has limtations 
for the measurement of flow ofliquids which carry solid matter in 

suspension. 
It also suffers froman extremely limited range (less than half 

that of a Dall tube) agreater senitivity to upstrea ditrbances 
and les head recovery;consequently, thi device will not be discussed 

further.Flow NozzleVarious designs have been developed for 

flow 
nozzles, 

resulting incharacteristics that approach those of a venturi 
tube 

in one extreme(venturi inert nozle) and those of an oriice meter 
in the other long radius nozzle). More typically, a flow nozzle has an 

entrancecone and throat, as in a venturi tube, but lacks the recovery 
cone(diffuser). This omission essentially affects the head 

recovery 
only.A major difference (and advantage over the venturi tube) in 

installa¬tion is that flow nozzle can be installed in pipe flanges 
(see Fig¬ure 5). Nozzles are less expensive than venturi tubes, but 

cost morethan orifice meter. In general they are more sensitive to 
upstreamdisturbaces and 20 or more pipe diameters of straight run 

upstream ofthe flow nozzle are required for successful operation. While 
some de¬signs (e.g, ASME nozzle) are quite well suited (with proper 

precau¬tions) for measuring liquids hgh in suspended solids, other 
(e.g.,ventur Insert nozzle) are not recommended for use in such flows, 

dueto some aspect of their particular design that would tend to 
promoteplugging or clogging* Flow nozzle accuracies can approach those 

ofventur tubes, espeially when calibrated in plae. It is also 
possi¬ble 

to use a flow nozzle in cases where pipe (flowing full) 
dishargesfreely 

to the atmosphere. In such eases only the high pressure tap 
isneeded; see Fgure 6. Flow nozzles as a group are evaluated in Table 

7,41 
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Orifice 
MetersThe 

orifice meter is one of the oldest flow measuring devces in ext¬ence. 
Its dfferental pressure is due to a combination of velocityhead, 

losses, and stream-line bendng (acceleration). Therelative contrbution 
is determned by whether pipe taps. vena taps, or flange taps are 

used. 
The thin plate orifie meter is the mostcommonly used flow measuring 

device in pipes. The orfice s a roundhole in a thin flat plate that 
is clamped between a pair of flanges ata point in the pipe. Although 

some desgns have a rouded edge facinginto the direction of the flow 
and peraps a short tube with te sameinside diameter as the orifce 

diameter 
extending dontream, it ismore common to use sharp corner on 

the upstream edge. Thepressure taps are located upstream and downstream 
of the orifice place.An orifice plate can also be used at the end 

of pipe flowng full anddischarging to atmosphere, in which case only a 
single pressure tap isrequired.Orifice meters work well with clean 

fluids but 

are not applicable, ex¬cept in a limited sense, to flows high in 
suspended 

solids due to thetendency of solids to accumulate upstream of the 
orifice plate andthereby hange its calibration. There are two 

designs that will accom¬modate limited amounts of suspended solids. The 
eccentri orificeplate has a hole which is bored off-center, usually 

tangent to the bot¬tom of the flow line* The orifice plate has a 
segment removedfrom the lower half of the orifice plate In addition, there 

are manyspecial-purpose devices that are really combinations of flow 
nozzlesand orifice plates. These have arisen due to requirements 

to 
minimizeviscosity effects in heavy fluids, etc.Orifice plates are 

the most sensitive of al the differential 

pressuredevices to effects of upstream disturbances, and it is not 
uncommon toneed 40 to 60 pipe diameters of straight run upstream of the 

installa¬tion. Orifice plates also produce the greatest head loss as 
can beseen by the comparison curves of Figure 7. Orifice meters can 

be quiteaccurate, with ±0.5 or better achievable when calibrated in 

place.They are lowest in cost of all the differential pressure 
producers. 

Be¬cause of nonlinear flow effects, their usable range is small 
(on theorder of 5:1) unless rated in place. Orifice meters are 

evaluated 
as agroup in Table 8.Centrifual MetersFlow acceleration induced 

in 
a fluid going 

around a bend (suc 

as anelbow) produces a differential pressure that can be used to 
indicateflow. The pressure on the outside of an elbow is greater than 

on 
theinside, and pressure taps located mid-way around the bend (i.e., 
45 de¬grees from either flange) can be connected to a suitable 

secondary46 
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element for indicating or reording. (14), and (15), and 
(16) 

provide fuller discussionsof centrifugal meters. The turbine scroll 
case and guide vane speedring do not appear at all well suited for 

storm or combined sewer ap¬plications, and so will not be discussed.The 
elbow meter may have some appliation 

in existing ppe systems. Itshould not be considered as a candidate for 
acurate flow measurementn new construction however. It is inexpensive, 

offers no additionalhead loss, can tolerate solids if the pressure 
taps are flushed (seeventuri discussion), and is not especially 

subject to calibrationshifts. If calibrated in place, acuracies of 
about ±1 or 2% (or bet¬ter in some cases) may be achieved. More 

typically, 
acuracies of 3 to10% are encountered Unless calibrated in place, 

straight pipe runs ofat least 20 pipe diameters should be provded both 
upstream and down¬stream of the elbow The usual is around 3:1. Elbow 
me¬ters are evaluated in Table 9.Impact TubeIn the impact tube, 

kinetic energy (due to flud 

velocity) 
is 

convertedinto potential energy (stagnation pressure) and the differential 
pres¬sure (as compared with static pressure in the pipe) is related 

to flowvelocity at the point of measurement. Figure 8 depicts the two 
essen¬tial ingredents and a partcular construction known as the tube. 

Alternate desgns consist of essentally the same two basicIngredients 
(impact tube and pressure tube) and differ only in the details of 

ther 
constructon. H. Pitots original design (1732) had twotubes, one of 

which was bent through 90 degrees at its lower end andpositoned facng 
into the flow. H. design (1852) had eachtube bent through 90 degrees, 

wth one facing upstream (impact) and theother facing downstream. 
In additon to the design (with itshemispherical head) which Is 

popular 
today, espeally In Europe, is the design with a conical head, 

which 
is opular in the United Statesand United Kingdom. In another design, 

two parallel small-dametertubes are beveled at ther open ends, one pointing 
upstream (impact)and one pointing downstream (static)It must 

be emphasized that impact tubes measure point velocity only.Flow is 
calculated by multiplying the mean 

velocity 
of the fluid by thearea of the pipe cross-section. For pipes 

flowing full and under pres¬sure it has been determined that the mean 
velocity of flow is about 3of the velocity in the center of the pipe and 

it occurs at a point ap¬proximately one-fourth the radius from the 
wall 

to the center. Velocityclose to the pipe wall is only about one-half 
the veloity at the cen¬ter. To avoid upset of such normal velocity 

distributions it is neces¬sary to have a straight pipe run of some 15 to 

50 pipe diameters inlength upstrea of the measuring point. Alternately, 
velocity traverses49 
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can be run to determine the point of mean velocity. Such an approahalso 
allows the tube to be used in conduits of cross-section and under 

open channel flow condtions.With very high 

velocities 
dynamic instability may ocur, and erroneousreadings result from 

the tube vbrations* However, the chief disadvan¬tage of most pitot 
tube designs is that rather sophisticated secondarydevies are required 

to accurately determine the pressure differentalwhich may be quite small 
at low velocties, e.g., less than 0.3 (1 This makes contnuous 

flushing secondary devices more diffi¬cult to employ and, to the writers 
knowledge, no such attempt has yetbeen made.Therefore, impact tube 

type 
devices 

are generally not satisfactory formeasuring wastes containing 
appreciable quantites of suspended solidsbecause of the possbilty of pluggng 

of the small openngs in thetubes. In view of this, the vulnerability 
to damage arisin from theirintrsive nature, and the difficulties 

in 
applying them n open chan¬nel flows of varying depths, no further 

discusson wll be given,Lnear ResistanceLnear resstance meters use 

friction losses 
to 

create a differentalpressure that can be related to flow rate. The 
resistane of longpipe section may be used, but one or more fine 

tubes in parallel (cap¬illary tube) or a section of pipe packed with 
steel 

wool, granular ma¬terials, or the like (porous plug) are more 
typical 

Fleming andBinder (17), and (18), and Svers and Binder (19) 
discussvarious approaches and designs. Acuraies to IX of the reading 

andranges of 10:1 may be achieved. There is no pressure reovery. 
Be¬ause of the of utilizing such devices for measuringtom or combined 

sewer flows, they will not be disussed further.VARIABLE AREAWhereas 
differential pressure flow measuring devices are characterizedby 

the 

invariability 
of the area ratio, in variable area meters themagnitude of the 

varying cross-sectional area is the measure of therate of flow. A 
differential pressure does exist, but it is relativelyconstant. 

Variable area may be divided into two main groups,valve type (e.g., 
hinged 

or sliding gate) and float type (e.g., Variable area devies were 
invented by A. whopatented an instrument constituting a prototype of 

the in1868, and Deacon, who was given a patent for a in 1875. Sir 
J. A. was the first to apply a taperedglass tube in liquid 

rotameter in 1876, and in 1910 intro¬duced inclined slots on the upper 
rim of the float and first used theterm rotameter for this type 

of device, because of the rotary otion of52 



the float. Discussions of such devices are given by (20) and and 
(21) Accuracies to ±17 of full scale and rangesto 10:1 may be achieved. 

However, to maintain acuracy in a rotameterit is absolutely essential 
that both the tube and the float be keptclean. Thus, a storm or 

combned sewer application would be inappro¬priate and, onsequently, 
they will not be discussed further.HEAD - AREAFlow measurement 

devices 
in 

this classification are characterized by asimultaneous variation of 
both flow ross-sectional area and head.These parameters do not vary 

however, and it is the func¬tion of the prmary device to produce a 
flow that is characterized by aknown relationship (usually nonlinear) 
between a liquid level measure¬ment (head) at some location and the overall 

discharge. This relation¬ship or head-discharge curve is called the 
rating for the particularstructure or device. Since these devices 

implicitly requre a freesurface, they are only suitable for open 
hannel flows.The hange in elevation of the free surface 

is measured by the secondarydevice whih may also onvert stage to discharge 
automatically. Still¬ing wells are often used, being connected by 

suitable taps to the loca¬tion in the primary device where knowledge of 
the flow depth is desired.The secondary device then monitors the relatively 

stable surface levelof the fluid in the stilling well. To avoid the 
necessity of frequentcleaning of the stilling well and to help 

prevent 
plugging of the tap,fresh water is frequently trickled into the 

well 
at a rate sufficientto ensure that sewage isnt likely to enter. An 

overpressure of atleast 0.003 meter (0.01 ft) is usually required 
to keep the well and tapclear, but in some cases greater cleaning flows 
along with frequentflushing will be necessary.Slope-Area MethodIn 

this technique, the flow 

onduit 
itself serves 

as the primary device.Historically, it has been used to obtain 
instantaneous 

discharges ratherthan continuous records. Some discharge relationship 
such as theManningformula is used to relate depth to flow 

rate. For best results,a straight course of channel of at least 61 meters 
(200 ft) and prefer¬ably up to 305 meters (1000 ft) in length is 

required. 
It should benearly uniform in slope, cross-section, and 

roughness 
and free of rap¬ids, abrupt falls (dips), sudden contractions or 

expansions, and tribu¬tary inflows.The Manning formula requires knowledge 
of the 

channel 
cross-section andliquid depth so that the flow cross-section and 

hydraulic radius can becalculated. It also requires knowledge of the 
slope 

of the water sur¬face (not the conduit invert) This slope may be 
determined by dividing53 



the difference in the water surface elevations at the two ends of 
thecourse, as determined by secondary devices carefully referenced to 

acommon datum level, by the length of the course. Also required in 
theManning formula is a roughness factor whih depends upon the characterof 

the onduit lining and the depth of flow (i.e., it is not constantfor 
a gven hannel)* Because the proper selecton of the roughnesfator 

is at best an estmate, the discharge determned by the lope-area method 
is only an approximation, and t should be used only whereaccuracy 

requrements are low.All too 
often, 

the slope-area method is applied by meauring the flowdepth at a 
sngle point and using the slope of the conduit invert inthe Manning 

formula. For or unsteady flow, the water sur¬face slope will be changng 
and will certainly not be equal to thechannel slope. The Manning 

formula was not Intended for use under suchconditions. It is preferable 
to perform calibration in place and de¬velop an empircal rating 

curve for each measuring site. The slope-area method is evaluated 
in 

Table 10.WersA weir is essentially 

an 

overflow 
structure or dam built across theflow condut to measure the 

rate of flow. For a weir of a given sizeand shape with free-flow, 
steadystate conditons and proper wer-to-pool relationshps, only one depth 

of lqud an exst in the upstreampool for a given dscharge. Discharge 
rates are omputed by measuringthe vertical distance from the crest 

of 
the overflow part of the weirto the water surface in the pool upstream 

of the crest and referring tothe rating curve for the partiular weir 
or class of weirs at hand.Thus, a wer may be thought of as device 

for shapng the fow of theliquid in a definite way such as to allow 
a single depth readng to beunquely related to a dscharge rate. Weirs 

may be further categorized being either sharp-crested or broad-crested; 
each will be discussedin turn.Sharp-Crested Weirs - When the top edge 
of the 

wer Is thn or beveledwth a sharp upstream corner (simlar to a thin plate 
orifice) so thatthe water does not ontact any part of the weir 

structure 
downstreambut, rather, springs past it, the weir is called a 

sharp-crested weir.Figure depicts some common weir terms and their 
relationships. Asnoted, he mnum height of the wer crest should be at 

least two, andpreferably three, tmes the maximum head expected over the 
weir. Thecontracton of the nappe stream) after springng clear ofthe 

sharp crest is termed crest contraction. If the bottom of the ap¬proach 
channel is not far enough below the crest of the weir, the 

crestcontraction is partially suppressed, and standard weir tables cannot 
beused. 

The slight drop in the liquid surface which begins upstream fromthe 
weir a distance of at least twice the head on the crest is called54 
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surface ontration or drawdown. To avoid sensing the effects of draw¬down, 
the gaging point should be located upstream of the weir crest 

adistane of at least three, and preferably four, times the maximum headepected 
over the weir.When 

the water level in the downstream channel is sufficiently belowthe 
crest to allow free access to the area beneath the nappe, say atleast 

15 cm (6 in the flow is said to be free (critical). When thewater 
level under te nappe rises above the crest elevation, the flowmay be 

considered submerged. This may or may not affect the dicharge,and there 
is some question whether dependable measurements can be ex¬pected in 
this range. As the water level downstrea rises appreciablyover half 

of the head on the crest, te degree of submergence will ap¬preciably 
affet the rate of flow To determine te rate of flow undersuh submerged 

(sub-ritical) conditions, both the upstream and down¬stream heads must 
be measured and reference made to submerged flow ta¬bles. A very good 
treatment of submerged weirs is given by (22).Many different 

geometries 
have 

been used for the notch in the weirplate that shapes the nappe and 
thereby allows the rating urve to bedeveloped. Some sharpcrested 

weir 
profiles are depicted in Figure 10.Rectangular Weirs One of the 

oldest and most common is the rectangularweir, which is used in one of two 
configurations. When the distancesfrom the sides of the weir notch 

o the sides of the channel (wer pool)are great enough (at least two or 
three times the head on the crest) toallow the liquid free, unonstrained 

lateral approach to the crest,the liquid will flow uniformly and 
relatively slowly toward the weirsides. As the flow nears the notch 
it accelerates and as it turns topass through the opening, it springs 

free laterally with a resultingcontraction that results in a jet 
narrower than the weir opening. Undersuh conditions the weir is alled a 

contracted weir. If rectangularweir is placed in a hannel whose sides 
also act as the sides of theweir, there can be no lateral contractions 

and the weir is called asuppressed weir. Special care must be 
taken with these weirs assureproper aeration beneath the nappe This is 

usually accomplished byplacing vents on both sides of the weir 
box 

under the nappe. Weirs - The trangular or sharp-crested 

weir 
was devel¬oped to allow accurate measurement of small flows. The 

angle (2) mostommonly used is 90 degrees. Because a weir has no 
crestlength, 

the head required for small flow through It is greater 
thanthat required for other common types of weirs. This is an advantagefor 

smal discharges in that the nappe will sprng free of the 
crest,whereas it might ling to the crest of another type of profile and 

makethe measurement worthless. The V-notch weir is the best profile 
formeasuring 

discharges less than 28 (1 and is as accurate as any57 
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other profile for flows up to 283 /s (10 Sufficient head forthese 
hgher flow rates may pose a lmtation for many stes, however,and in practice 

113 /s (4 cfs) s often a more realtic upper bound.Trapezoidal Weirs 

- Trapezoidal weirs of varyng side angles have beenused to measure 
liquid flows, but the most common one by far is the whose sides 

incline 
outwardly at slope of one horizontalto four vertical. Although 

the wer is a ontrated weir,its discharge ocurs essentially as though 
its end contractions weresuppressed; thus the width of the crest can 

be used for flow calcula¬tions. It offers a wder range than either 
the rectangular or V-notchweir.Other - Other weir profiles, as indicated 

in Figure 10, have beendeveloped to ahieve certain head-discharge 
relationships or to achievesome benefit peculiar to a particular type of site. 

of these hasbeen used or investigated as extensively as those 
discussed above, andconsequently will not be dealt with here. There is one 

class of special profiles, however, that at least deserves passing 
mention. Forsituations where the normal range of discharges at a 

ite might beeasily handled by a weir but occasional larger flows 
would re¬quire, for example, a rectangular weir, the two profiles have 

been com¬bined to form what is termed a compound weir Figure 11.Such a 
weir has a disadvantage, however. While flows may be 

measuredrather 
accurately when the weir is essentially behaving as a 

V-notchweir Figure or as a rectangular (either suppressed or contracted)weir 
Figure there will be a transition zone where accurate read¬ings 

will be difficult to achieve. When the disharge begins to exceedthe 
capacity of the V-notch, thin sheets of liquid will begin to passover 
the wide horizontal crests in a less than predictable fashion.This 

causes a discontinuity in the discharge curve. The size of theV-notch 
and the size of the rectangular notch should be selected sothat 

discharge measurements in the transition range will be those ofminimum 
importance.Discssion - In order to have a satisfactorily-operating 

sharp-crestedweir, 

the following general requirements should be considered:a. The upstream 
face of the structure should be smooth andperpendicular to 

the axis of the channel in both hori¬zontal and vertical 
directions. The rest should be level, with a sharp 

right-angled edgeon its upstream 

face; 
its thickness (in the direction ofthe flow) should not 

exceed mm (1/8 in.) and shouldpreferably be between 
to 

2 mm (0.04 to 0.08 inKnife edges should be avoided 

as they are too difficultto maintain.59 





The height of the crest above the approach channel bottomshould 
never be less than 0.3m (1 ft); the minimu headshould 

be at least 0.06m (0.2 ft). Fora contractedrectangular 
weir, the distance from the sides of theweir 

to the sides of the approach cannel should neverbe 
less 

than 0.3m (1 ft).d. 
The 

cross-setional area of the approach channel shouldbe at 
least 8 times that of the nappe at the crest for adistance 

upstream of 15 to 20 times the height on thecrest. 
If the weir pool is smaller than this, the veloc¬ity of 
approach may be too gh and the gage readings toolow; 

necessitating head corrections for velocity ofapproach. 
The 

connection 
between the weir and the channel must bewaterproof; 

i.e., all flow must pass over the weir, notaround or 
under it.In general, 

the sharp-crested weir is an inexpensive, accurate primaryflow measuring 
device that is fairly easy to install. Laboratory accu¬racies 

approaching 1% of full scale have been achieved, but 5% is moretypical of 
mot good field installations. The operating range of asharp-rested 

weir depends upon its profile, but 20:1 may be consideredtypical for 
many installations. The sharp-crested weir suffers fromeveral 

deficiencies when considered for a storm or combined sewer ap¬plication, 
however. It may well require constrution of a weir box toobtain the 
proper flow approach to the weir. Sufficient head may notbe available 
at 

the desred measuring site, and the head loss will beat least equal 

to the head measured. The crest of the weir must bekept clean. 
Fibers, stringy materials, and larger particles tend tocling to the 

crest 
and must be removed periodically.Finally, because 

of its damming action, the sharp-crested weir willsuffer from 
settling and acumulation of suspended solids in the ap¬proach channel 

behind the upstream face. This will lead to inaccuratereadings. Some 
weir have been constructed with a watertight door inthe face on the 

channel bottom. When the door is opened the flow willgo through this 
passage and tend to scour away collected sediment.However, most 

attempts 
to use weirs in extremely dirtyflows have been less than fully 

sucessful. Sharp-crested weirs areevaluated as a group in Table 
11.Submerged Orifices - The use of 

thinplate orifice meters in presurized conduit flow ha already been 
discussed. In open channel flow, anorifice operates as a head-area 

device; in fact, if the water leveldrops below the top of the opening, 

t behaves like a wer and has beenincluded here for that reason. 
Basically, 

it consists of a predetermined, sharp-edged openin in a plate 
affxed to a wall or other61 
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structure and through which flow may occur. Although any shape holecan 
be used, the most common are either ircular or rectangular. Know¬ledge 

of the size and shape of the hole, te head acting on it, and 
thedischarge condition (i.e, freely into air or under water) allows 

de¬termination of the flow rate. Early orifices often discarged freelyinto 
air, but were practically abandoned as weirs become more common(and 
more extensively studied) because of the considerable head 

lossneessitated 
by their use.The 

fall 
requirement is reduced if the orifice is lowered in the struc¬ture 

and dicharges in the submerged condition. The submerged orificeis used 
where the head loss of a weir cannot be tolerated and a flumecannot 

be justified because of cost or some speial conditions. Likethe weir, 
submerged oriice may be either contracted or suppressed.Suppression 

may occur on part (e.g., the bottom of a rectangular orificeflush wth 
the channel flow) or all of the perimeter.In 

selecting 

a channel site for use of a submerged orifie meter thedistance 
from the edges of the orifice to the bounding surface of thechannel, 

both 
on the upstream and downstream sides, should be greaterthan twie 

the least dimension of the orifice f contraction is to beassured. Also, 
the cross-sectional area of the water prism to 9 (20 to 30 ft) 

upstream from the orifice should be at least 8 times thecross-sectional 
area of the orifie. Velocity of approach to the ori¬fice should be 

negligible, or orrection must be made for velocity head.An orifice should 

not be used in situations where weeds and trash areprevalent, as 
accumulation of submerged debris or of sand and sedimentupstream may 
prevent 

accurate measurements. A clogged condition of anorifice is less 
visible than that of a weir and, so, may go undetected.Because of these 

factors and the small data base as compared to weirsand flumes, an 
orifice is not generally recommended for measurement ofstormwater or 
combined sewage, even though its limited range of flowcan be increased 

wth the use of which baically is amodified submerged orifice 
arranged so that the orifice is adjustablein cross-sectional area. 

Consequently, no further discussion or evalu¬ation will be given.Broad-Crested 
Weir - If the 

weir notch is mounted in a wall too thickfor the water to spring past, 

the weir is alled broad-crested. A widevariety of shapes can be included 
under broad-crested weirs, and a widevariety of dicharge oefficients 

will be encountered. A few suchshapes are depited in Figure 12. 
Broad-crested weirs, in practice,are usually pre-exstng strutures, 
such as dams, levees, diversonstructures, etc. Discharge coeffients 
and discharge tables are usu¬ally obtained by calibrating the weir 

in 
place or by model studies.Broad-crested weirs are sometmes used 

where the sharp-crested wercauses undue maintenance problems. For 
example, problems with impact,63 





abrasion, sltig, etc. might indicate the need for a broad-crestedweir. 
Broad-crested weirs are usually made of oncrete or similar ma¬terial 
and are not considered portable. In actuality, the notion of 

abroad-crested weir, which simply denotes a channel contraction made bya 
sill on the channel bottom, merges into that of a critical-depthflume. 

When properly deigned and constructed, the broad-crested weiris 
governed by the same basic flow equations. Broad-crested weirs areevaluated 

in Table 

12.FlumesAlthough 

the term "broad-rested weir" is widely used to denote a chan¬nel 
constriction made by some sort of a sill on the channel bottom,other 

open channel constrictions, generally caed flumes, have beenused to 
measure discharges since the beginning of the entury. Mostflumes 

in 
common use today can be traed to one of three early designsources: 

rectangular English flumes based upon early work in Indiaaround 
19081914 and the writings of V. A. (23); theParshal flume whose 

forerunner, a venturi flume developed by Cone (24),was extensively 
modified 

and tested by Parshall (25, 26); and flumes ofthe type first 
developed 

by Palmer and (27)Flumes can be categorized 
as 

belonging to one of three general familiedepending upon the state of 
flow induced - criical, orsupercritical. By definition the critical 

flow state is that for wichthe number is unty. This is the tate of 
flow at which the spe¬cific energy is minimum for given discharge. When 

ritical depthoccurs in a channel (either at a constriction or in 
a regular cros-section) one head measurement can indicate discharge 

rate if it ismade far enough upstream so that the flow depth is not 
affected by tedrawdown of the water surface as it heads to ahieve the 
critical stateof flow. (28) identifies ix approaches employed in various 

flume 

de¬signs, and these will be brefly treated below following his 
discuson.Type 

I, tranquil-flow, small-width reduction flumes are typical of 

theearliest 
measuring flumes and are depicted in Figure 13. flow enters 

the flume, and the side contractions reduce the width, re¬sulting in 
an inrease in unit discharge. Because there is no changeIn bed elevation, 

and minor eergy los, the specific energy in thethroat is about 
the same as in the approach. With constant specificenergy, the effect 

of a small width conraction is a lowering of thewater surfae in 
the throat but, owing to the small degree of contrac¬tion, critical 
depth is not accomplihed. It is neessary in this typeof flume to measure 

the head in both the approach setion and in thethroat65 
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